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Abstract

The economic potential of combining hydraulic barriers and pump-and-treat systems to manage contaminant plumes is
investigated by means of a comparative cost analysis. The analysis is based on a preceding study on the hydraulic perfor-
mance of barrier-supported and conventional pump-and-treat systems, which revealed the efficiency of accurately positioned
barriers in reducing pumping rates for contaminant plume capture. In the present paper, we examine whether the application
of physical barriers like slurry walls or sheet piles also leads to economic benefits, i.e., whether the reduction of the opera-
tional costs outweighs the capital costs associated with the construction of the barriers. An economic model is presented that
quantifies remediation costs by the use of cost functions relating costs to site-specific and system-specific parameters. The
model is applied to a hypothetical remediation scenario. The results clearly demonstrate that physical barriers may yield sig-
nificant savings in the total costs, particularly if unit costs for on-site treatment are high. Furthermore, as barriers tend to
reduce the uncertainty about the pumping rate required to capture a plume, they smooth the trade-off curves between total

remediation costs and system reliability.

Introduction

Operating pumping wells is likely to be the approach
most often applied for controlling aquifer contamination,
usually in combination with an on-site treatment facility
where recovered contaminated water is cleaned up before
it is discharged into surface water or local sewers or
drained back into the aquifer. However, the pump-and-treat
technology has revealed to be inadequate to achieve short-
term remediation of the subsurface in many cases. Pump-
ing alone is meanwhile regarded not suited to efficiently
extract organic contaminations from the aquifer, where
nonaqueous phases act as long-term sources, which perma-
nently load the passing ground water with concentrations
that stay nearly constant over huge time frames (Mackay
and Cherry 1989; Haley et al. 1991; Berglund and
Cvetkovic 1995; Grathwohl 2000).

Though a broad range of innovative remediation tech-
nologies or amendments to increase contaminant extrac-
tion rates have been proposed, at several sites, the
prevailing conditions do not allow for methods alternative
to pump and treat (Hoffman 1993; U.S. NRC 1997). Espe-
cially, hydraulic and/or hydrogeochemical site character-
istics may narrow the number of applicable technologies.
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Innovative approaches such as enhanced bioremediation or
cosolvent-supported methods represent not just ambitious
but also sensible technologies, which have to be accurately
adapted to a site. Uncertainties about the structure and the
properties of the subsurface may represent a considerable
risk for dispersing the reagents and, consequently, for the
overall success (Massmann and Freeze 1987; Andersson
and Destouni 2001; Teutsch et al. 2001). Therefore,
hydraulic containment focusing on ground water protection
rather than on its cleanup is still an important means in
ground water management, though technologies designed
for contaminant removal should be preferred if feasible.

We focus on improvement of conventional pump-
and-treat systems (CPT), which are still appealing due to
their flexibility, unspecific applicability, and the ability to
fairly definitely measure hydraulic containment. However,
in view of its inefficiency to reduce contaminant mass in
the aquifer, CPT means long-term hydraulic containment
rather than remediation. Experience so far indicates opera-
tion time frames of decades, which might even expand to
hundreds of years (e.g., Voudrias 2001). The continuous
expenditures for pumping, maintenance, and treatment are
therefore crucial to the economic feasibility of pump-
and-treat systems. Moreover, the uncertainty about the net
present value of these operational costs represents a consid-
erable additional economic risk factor.
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The pumping rate is a major determinant in achieving
adequate ground water capture (Boice 2002) and a domi-
nating factor on the operational costs. Therefore, any mea-
sure that enables a reduction in the pumping rate required
to establish hydraulic containment of a given contaminated
area or contaminant plume is of general interest. In a pre-
ceding modeling study (Bayer et al. 2004), we proposed
the employment of physical barriers along the edges of the
contaminated source area to improve CPT. Comparison of
these so-called barrier-supported pump-and-treat systems
(BPT) with CPT revealed that additional physical barriers
may have a tremendous impact on the performance of
hydraulic containment by pumping wells. In the aforemen-
tioned study, we systematically examined the effect of a
large spectrum of barrier settings on the pumping rate
required for containment, but so far an economic assess-
ment is missing. Though the implementation of additional
barriers seems to bear a potential to reduce the operational
costs, the initial costs of the BPT are higher than for CPT
since additional expenditures arise for the installation of
the barriers. BPT can only represent an attractive alterna-
tive to the conventional approach if the barrier costs can be
compensated by a reduction in operational costs. This
aspect is the central focus of the present study. It is dis-
cussed by means of a hypothetical site scenario where
ground water is assumed to be treated by a sorptive re-
moval system with granular activated carbon (GAC) as it is
a standard practice at many sites contaminated with hydro-
phobic organic compounds.

Hydraulic Performance Characteristics of
BPT and CPT Scenarios

Since the hydraulic performance investigation of BPT
(Bayer et al. 2004) embodies the basis for the subsequent
economic analysis, the major results of this study shall be
briefly summarized herein to provide the groundwork nec-
essary to understand the economical assessment discussed
subsequently.

The geometric configuration of the CPT and BPT scenar-
ios that are considered here is depicted in Figure 1. The sce-
narios were modeled within a two-dimensional ground water
flow domain, assuming confined conditions. Barrier settings
are implemented systematically in order to examine the
effect of shape, length, and location of the barriers. Four
BPT scenarios and the corresponding CPT scenarios provide
the framework for a large spectrum of barrier settings, the
hydraulic performance of which has been evaluated in Bayer
et al. (2004). The flow calculations have been performed
with the simulation software MODFLOW (McDonald and
Harbaugh 1988), using the horizontal flow barrier package of
MODFLOW to implement the physical barriers. The respec-
tive combined pump-and-treat—physical barrier systems were
then analyzed by repeatedly performing two steps. First, the
effect of the remediation system on the ground water flow
conditions is modeled. Second, a particle-tracking algorithm
(MODPATH, Pollock 1994) is used to examine whether the
current design guarantees complete capture of the contami-
nated area to be controlled. The general objective of BPT is
to deviate the ground water flow to achieve a reduction in the

pumping rate of one well positioned downgradient of the
contaminated area. This well shall capture the contaminated
area at a minimum pumping rate.

For each BPT scenario, different settings of the barrier
length, b (L), and the distance of the pumping well to the
contaminated area, x (L), were examined and compared to
CPT in terms of the required pumping rate in order to
deduce the system sensitivities to geometrical design fac-
tors. Pumping rate values are provided as dimensionless
values by normalizing the calculated pumping rate, Q,
(L3 Tfl), with the respective Darcy flow, Op (L3 Tfl),
through the contaminated area in the modeled scenario
(representative transmissivity, Ty, (L> T, regional
hydraulic gradient, i (—), and width of the contaminated
area, w (L)):
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Index z refers to the particular aquifer realization
considered.

In doing so, the results of Bayer et al. (2004) can be
used to derive real values of pumping rate, Qyeal . (L3 Tfl),
at a certain site by multiplication of the Darcy flow through
the contaminated zone at the site, Op real (L® T 1Y), with the
corresponding dimensionless value Q;,
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provided that geometrical similarity of the modeled sce-

nario and the representation of the real site are satisfied.
Geometrical similarity is defined by the ratios
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Figure 2 summarizes the results, assuming homoge-
neous flow conditions. It was revealed that downgradient
barriers (scenario C) lead to lower pumping rates than up-
gradient barriers (scenario B). If the barrier length is longer
than the width of the contaminated area, it is preferable to
subdivide a given barrier length into two parts (scenario D)
with a longer segment at the downgradient edge of the area
to be captured. For a barrier length >2.5 times the contami-
nated area width, the optimal solution is scenario E: a bar-
rier that is tracked downgradient along the sides of the
contamination starting from the upgradient edge.

In the preceding study, we further examined the perfor-
mance characteristics of BPT and CPT under heteroge-
neous flow conditions based on Monte Carlo analyses
comprising 500 equally probable realizations of the spatial
transmissivity distribution. The transmissivity patterns
were generated stochastically by unconditioned sequential
Gaussian simulation (Deutsch and Journel 1992), assuming
a lognormally distributed transmissivity ¥ = InT(x), with
fluctuations of zero mean and variance oy . The spatial cor-
relation of Y was defined by the integral scale Iy Each
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Figure 1. Scenarios with geometric arrangement of active and passive control systems (adopted from Bayer et al. 2004).

individual realization was subject to adaptation of the mini-
mum pumping rate. For a given ensemble of 500 realiza-
tions, the calculated pumping rates were sorted to obtain
probability density curves (pdfs) of the pumping rate. The
analysis of BPT scenarios assuming heterogeneous aquifers
was limited to certain settings with a given total barrier
length: setting B* = scenario B with b/w = 1 (barrier along
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0 1 2 3
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Figure 2. Relationship of Q' and b/w for scenarios B to E for
a given distance of the downgradient pumping well (x/w = 0.5)
under homogeneous transmissivity distribution.
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the complete upgradient boundary of the contaminated
area), setting C* = scenario C with b/w = 1 (barrier along
the downgradient boundary), setting D* = scenario D with
b/w = 2 (one barrier along the upgradient boundary, one
barrier along the downgradient boundary), and setting
E* = scenario E with b/w = 3 (barrier along the upgradient
boundary and the sides of the contaminated area). Further-
more, the distance between the well and the edge of the
contaminated area was fixed to x/w = 0.5. Figure 3 illus-
trates the results for the two cases of aquifer heterogeneity
addressed in the economic analysis subsequently. The re-
sults confirm the findings of the preliminary study for
homogeneous conditions. Though the mean pumping rates
increase with 3 and Iy they generally are lower for BPT
than for CPT. Aside from this, a main feature of the pdfs of
the pumping rates calculated for BPT is the minor spread-
ing, reflecting that barriers can reduce the sensitivity of
pump-and-treat systems to variations in aquifer heterogene-
ity and, by this, raise the system robustness.

Framework for the Economic Analysis

Objective, Principles, and Assumptions

As the focus is set upon the economic comparison of
BPT and CPT, we restrict the analysis to those costs that
are directly related to the remediation systems: pumping
and treatment costs, and for the BPT scenarios, additional
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Figure 3. Probability density functions of Q' for CPT scenario A (= A*) and settings B* to E* for an increasing integral scale Iy of
the spatial transmissivity distribution of the aquifer, as a result of the Monte Carlo analysis. The integral scale is generally ex-

pressed normalized to the width w of the contaminated area.

barrier installation costs. Expenditures for site investiga-
tion, site infrastructure, labor, and monitoring are assumed
to be at a comparable level for CPT and BPT and are con-
sequently not taken into account.

Operational and capital costs are commonly analyzed
separately and finally summarized as total remediation
costs. To relate these costs to technical parameters (e.g.,
pumping rate, dimension of the remediation system) by
means of cost functions, it is necessary to break down the
total costs into cost elements associated with single mod-
ules of work and technical equipment. Many of these cost
elements, e.g., the purchase of GAC for the on-site water
treatment facility, consist of both initial and operational
payments. Furthermore, most of the treatment facility
components do not endure over the entire operation time of
the remediation measure, so reinvestments are necessary.
These are also time-dependent costs and therefore opera-
tional costs (usually counted among capital costs). Accord-
ing to U.S. NRC (1997), all cost types are summarized and
discounted to present valued total costs, TC (€):

CE,( —l—rp)
TC = Z iy 4

where CE,, (€) is the cash expenditure of all cost elements
in year n in which the costs incur. Parameter N represents
the total number of years of expected expenditures, which
usually equals the operation time of the remediation mea-
sure. Parameter r;, (—) denotes the inflation rate, and r; (—)
is the interest rate or discount rate. Please note that the
inflation rate is assumed to be the same for each of the
cost elements described subsequently. Different rates may
apply to individual cost elements in reality but would un-
reasonably complicate the presented approach.

Decision Factors
Various factors have to be taken into account in deciding
which remediation system to choose for solving a ground

water contamination problem. Since the center of attention is
the potential benefit from partial source containment, we try
to limit our analysis to those factors that are considered to be
most relevant to this particular problem. Five parameters are
deemed to be major cost factors, i.e., are most relevant for
the comparative cost calculation of CPT and BPT. The first
cost factor is the geometry (size) of the site considered. With
the assumption of a square area of contamination in our
example, the size is expressed as the width of the contami-
nated area, wy.,, which directly affects the pumping rate,
O.ca (Bayer et al. 2004), and the barrier length, b,.,. Similar
t0 Wreql, the natural ground water flow rate (Tiep reatirear) also
directly influences Q.. and is therefore a second parameter
that is important to the economic comparison of CPT and
BPT. A third cost factor is the concentration of contaminants in
the pumped water. In the subsequent example, the contami-
nant concentration is assumed to be constant over time. Since
CPT and BPT differ particularly with respect to the ratio
between capital and operational costs, the expected operation
time and the net interest rate for discounting future costs to net
present values are two more parameters that will affect the
decision on which technology concept to choose.

Cost Calculation

As aforementioned, total remediation costs are broken
down into cost categories. Here, four different divisions are
studied: (1) pumping costs; (2) GAC filling costs; (3) costs
for the on-site treatment facility; and for BPT scenarios, (4)
barrier construction costs. Continuous cost functions are
obtained through mathematical regression based on site
characteristics and real cost values. With these functions,
unit price values that are staggered with the quantity pur-
chased and efficiency increments (e.g., decreasing unit
energy demand with increasing capacity of the pumping
device) need to be considered. Though for an individual
economic assessment step, functions might more properly
reflect the site-specific conditions, continuous relationships
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generally facilitate analyzing the cost-driving parameters’
relevance. A corresponding sensitivity analysis serves as
a basic tool to identify cost-relevant factors and to quantify
their influence on the predicted cost estimates. Further-
more, continuous cost functions are particularly suited to
be used within an optimization framework since many opti-
mization techniques work exclusively for steady functions.

Pumping Costs

In the present study, we limit the cost analysis for
ground water extraction to the operational costs, which are
mainly electricity costs. The pumping unit and further well
equipment are covered by the cost function for the on-site
treatment facility (see subsequently). Since the pump-and-
treat scenarios examined here do not differ with respect to
the number and the size of the wells, investment for the
well installation is not included. One should note that the
well installation costs are expected to be insignificantly
low in comparison to other cost elements.

Even if the electricity costs constitute only a minor part
of the total remediation costs, we present the derivation of
the associated cost function in detail. This can be used as an
example of the description of other cost elements, where sim-
ilar cost functions are used. It is demonstrated that the nonlin-
earity of a cost function may result from staggered unit costs
and/or from a rise in technical efficiency with an increasing
number of units processed. Therefore, the same type of cost
functions as shown in the following section (Equation 7) can
be applied to estimate the costs of any other material con-
sumption or operation of technical devices.

The electricity costs depend on the pumping rate, Qe
and the duration of the measure (operation time). In addi-
tion, the electricity cost function comprises the effect that
the efficiency and the energy demand of the pumping de-
vices vary with the pumping rate. Typically, the efficiency
factor of a pumping plant rises with capacity, so that the
energy demand per unit water volume extracted declines
with increasing pumping rate. This is expressed by an ex-
ponential regression with an exponent o that determines the
efficiency increment

Er =dh aQreal“ 5

where Er is the energy demand per year (kWh/year or M
L?> T%), dh is the total dynamic head (lift and pressure
loss, L), a (M L' * T*73) is a scaling factor, and Qeq (L*
T ') is the pumping rate. Parameter o takes on values
between 0 and 1. Equation 5 roughly approximates the en-
ergy demand. In practice, different pumps are selected at
different flow rates and dynamic heads, with each of these
pumps having an individual pumping efficiency function.

Usually, the unit price for electricity, Pg (€/kWh), is
staggered by the supplier, i.e., a price discount is given
with increasing consumption. This is also approximated by
an exponential regression:

Pg = IE} (6)

with a scaling factor [ (€/kWh1”year)“) and an “attenua-
tion” exponent A that characterizes the price discount
(=1 < A <0, typically |/|<|a|). Finally, multiplication of Er
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and Pg leads to the annual electricity costs (see Figure 4
for an illustration):

Cg = PgEr = IELH (7

The annual pumping costs Cg constitute one element of
the total cash expenditure, CE, and are discounted to a net
present value (Equation 1). Cg is a function of Q,., as can
be shown by inserting Equation 5 into Equation 7.

GAC Filling Costs

The sorptive removal by the use of GAC is applicable
for the remediation of most organic contaminants. We
assume direct treatment of the extracted ground water by
GAC as a standard technology. Alternative options or ex-
tensions are treatment trains such as air stripping towers
with subsequent GAC off-gas treatment, carbonate, or
metal removal devices. However, these are not considered
because cost calculation and comparison of different treat-
ment systems are beyond the scope of this paper. There-
fore, the calculations for GAC have to be seen as rough
estimations that may differ for each site according to the
particular technologies.

To calculate the costs for GAC, two issues have to be
addressed concurrently: the volume of the GAC filling and
the length of the exchange period. We assume that the con-
tact time within the treatment unit is sufficiently long, i.e.,
kinetic sorption limitations can be neglected. The equilib-
rium loading of the GAC, which depends on both the GAC
and the contaminant type as well as on the concentration
of the contaminant in the extracted ground water, is de-
scribed by a nonlinear Freundlich isotherm:

Ms
Mgac

= KrCy (®)

where Kg (L*""M~"%)is the Freundlich coefficient, ng is the
Freundlich exponent, and Cyy (M L73) is the contaminant
concentration in water. Parameter Mg (M) denotes the mass
of sorbed contaminant and Mgac (M) the mass of
GAC, whereas Mg is deduced from the contaminant load
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Figure 4. Calculation of unit energy prices, Pg, based on stag-
gered/discounted prices (intervals of annual energy demand
Ex I — V) by regression. The integral at a specific E;" gives
the total annual energy costs.




Fc (M T ') in the extracted water and the length of the ser-
vice life Tgac (T) of the GAC filling until replacement:

Ms = TgacFc = ToacQrea Cw 9

The GAC demand per year, Mgact (Mlyear), is
derived by combining Equations 8 and 9:

MGAC _ Qreal
Tac  Kr

Mgacr = Yeornll (10)

As for the pumping cost function, an exponential
regression is used to describe staggered unit GAC prices,
and annual expenditures for GAC are calculated using
a formula similar to Equation 7:

Coac = gMGher (11)

where y (—1 <7y <0) is the regression exponent for GAC price
discount, and g serves as a scaling factor (€/M' year”).

Please note that this calculation implies a complete
loading of the GAC filling, which is not exactly accom-
plished in practice. However, assuming that a dual-bed sys-
tem is used, the error is likely to only be marginal.

A matter of discussion is whether the concentration in
the extracted ground water can be expected to stay constant
over the long time frame that pump-and-treat systems are
usually planned for. Observations typically show a temporal
change, with concentrations decreasing over time. In many
cases, however, a considerable decrease in contaminant con-
centrations is observed only in the very beginning of the
measure. In the long term, concentrations usually remain
at a fairly constant level over years. Therefore, the simplifi-
cation of a constant contaminant concentration seems to be
a reasonable assumption to answer “what ifs” of concentra-
tion levels for the economic comparison of CPT and BPT.

We further assume that concentration values do not dif-
fer between CPT and BPT. This is in contrast to the fact
that any change of the flow regime may influence the con-
taminant release from residual source zones and thus con-
taminant concentration in ground water. However, this
change is strongly dependent on the spatial distribution
and composition of the source and can hardly be quantified
in a reliable and general way.

Costs for the On-Site Treatment Facility

Design and equipment of the on-site treatment facility
largely depend on the specific conditions prevailing at a
contaminated site (e.g., ground water chemistry, infrastruc-
ture). For the scope of this study, we lump all components
into a flat rate. Furthermore, the amount of expenditures is
assumed to be a function of Q... the rate of extracted
ground water. Since there is a given minimal value of con-
tact time to be met, the size of the treatment facility evi-
dently has to be adjusted to Q,ca: the higher the Q...;, the
higher the total costs for the facility, Ct. Mathematical
regression is used to formulate the cost function:

Cr=fi +/0° 12)

where p is the regression exponent and f> (€ L™ T?) is a
scaling factor. The constant, f; (€), represents the minimum
cost to be paid for a small-size facility at low flow rates.

The on-site treatment facility has to be exchanged after
a certain service life. Accordingly, the treatment facility
costs accrue repeatedly. For instance, at a service life of 5
years, Cr is a cost element of total cash expenditures CE,,
CEs, CE,, and so forth (Equation 4).

Barrier Construction Costs

For the BPT scenarios, additional costs accrue for the
construction of the hydraulic barrier (e.g., slurry walls or
sheet piles). These costs, Cy (€), are calculated by

Cg = Cpsic + Pmpbyea (13)

where Cg sic (€) is the site installation costs, by, (L) is the
length of the barrier, and m,, (L) is its vertical extension.
Parameter Pg (€/m2) denotes the unit price for the barrier
installation. It is assumed that barrier construction costs are
not subject to maintenance. Please note that this may not be
a valid assumption in the case of sheet piles and operation
(planning) periods longer than 30 years (Enfield 2004).

Site Scenario and Assumptions

All pump-and-treat scenarios (Figure 1) are compared
with respect to total remediation costs within the frame-
work of an example site described subsequently for a plan-
ning period or operation time of 30 years. As described
before, only those cost elements that differ between scenar-
ios are covered by the economic model used in this study.
Hence, the cost estimates given subsequently should be in-
terpreted in terms of cost differences rather than by real
total cost values, which are expected to be higher than the
values presented.

Example Site

An example site is designed that is characterized by
a square area of 100 X 100 m (W;ey = 100 m) and contam-
inated by chlorinated hydrocarbons. Assuming that the
contamination is dominated by cis-1,2-dichloroethylene
(cis-DCE), remediation costs can be estimated by solely
regarding cis-DCE. Furthermore, according to the assump-
tions of the hydraulic analysis, a confined aquifer (aquifer
thickness m,.; = 15 m) and uniform ground water flow is
considered. The regional hydraulic gradient is set to iy, =
0.0075 and the mean hydraulic conductivity to kieq =
0.001 m/s. Given these characteristics of the example site,
the rather high Darcy flow, Op, through the contaminated
area, results in Op = Wyealkreal™reatlreal = 40.5 m’/h. The
pumping well is located 50 m downgradient of the contam-
ination. The concentration of cis-DCE in the pumped water
is assumed to be C,, = 500 mg/m?>.

Cost Function Parameters

Besides the duration of the measure, the basic financial
market indices such as the rate of interest r; and the infla-
tion rate r, must be estimated to calculate total net present
values of remediation costs (Equation 4). The respective
parameters are set to 7; = 7% and r, = 3%.

The unit energy demand, a, of the pumping device
(Equation 5) is set to 0.007 kWh/m*/m, and the total
dynamic head, dh, is assumed to be 10 m. The value of « is
set to 1 since for simplification we assume that efficiency
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does not vary with the pumping rate. For the pumping
plant, the unit electricity charge, Pg, is set to €0.08/kWh
(Equation 6).

To calculate the amount of GAC needed (Equations 8
to 12), we use sorption isotherm values estimated from liter-
ature (Sontheimer et al. 1985): Kg = 22.7 mg/g (L/mg)"™,
ng = 0.54. The required contact time for the contaminant
water and GAC is set to Tgac = 20 min. For the GAC fill-
ing, the parameters are given by g = €3.75/kg' *’year” and
y = —0.05, thus resulting in an average unit price of €2.50/
kg GAC.

The adjustment of the treatment facility cost func-
tion (Equation 12) to a series of real cost values provided
by consultants (the original cost data are not free for publi-
cation) leads to the following regression parameters: f; =
€3000, f» = €4000 (m*/h)"*, p = 0.52. A maintenance
cycle of 10 years is assumed.

The hydraulic barriers within the BPT scenarios are
slurry walls that are installed over the complete aquifer
thickness, m (vertical extension my, = m). Unit costs per
area of wall differ depending on installation depth as well
as stability and impermeability requirements. NFESC
(2004) reports prices of €20/m” to more than €500/m>.
We assume that hydraulic barrier installation has to meet
only moderate quality standards as possible leakages may
reduce the local hydraulic blocking capability of a wall but
will not seriously change the overall BPT performance.
Hence, a comparatively low unit price of Py = €80/m? is
charged for constructing the barrier, and site installation
costs are estimated to be Cg sic = €35,000 (Equation 13).
However, it is evident that higher prices would favor CPT.

Economic Comparison of CPT and BPT

Comparison for Homogeneous Aquifer Conditions

For the first step, CPT and BPT are compared on the
basis of the results of the hydraulic analysis for homoge-
neous aquifer conditions. The total costs of a CPT system
are estimated to be €853,000, whereas expenditures for
GAC filling amount to over 75% of the total costs (Fig-
ure 5). With regard to the BPT systems, the benefit of
installing additional hydraulic barriers largely depends on
the location and the length of the barriers. With a barrier
that is located along the upgradient edge of the contami-
nated area (scenario B), it is not possible to reduce total
costs regardless of the barrier length. For scenario E, which
is equivalent to scenario B for 0 < b = 100 m, a cost reduc-
tion appears only for a barrier length b > ~220 m. For the
other barrier locations examined (scenarios C and D),
a benefit in terms of a reduction of total costs is obtained at
almost any barrier length. The most preferable scenarios
are scenarios C and E for b = 100 m, scenario D for
100 m < b = 270 m, and scenario E for 270 m < b = 300
m. The lowest cost scenario is scenario E with a barrier
length of » = 300 m (equals setting E* used in the sub-
sequent analysis for heterogeneous aquifer conditions).
Total costs are reduced here to €498,000. The pumping
rate is reduced from 54 m*h (CPT) to 10 m>/h, and as
a consequence, GAC filling costs are reduced to €86,000,
which represent only 14% of the total costs.
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Figure 5. Total remediation costs for the example site for sce-
narios A to E, assuming a homogeneous aquifer. The settings
B* to E* are processed for heterogeneous conditions.

After a first indication of the potential efficiency of
a combined pump-and-treat-hydraulic barrier system, it is
mandatory to know whether the application of BPT will
lead to an economic benefit when major cost factors have
values that are different from the aforementioned example.
As already mentioned, there are numerous factors affecting
the total remediation costs of CPT and BPT systems. How-
ever, of particular interest with regard to an economic com-
parison of CPT and BPT are those parameters that not only
change costs in general but also have a distinct effect on
the on-site treatment costs (Bayer et al. 2001, 2003). Since
BPT’s benefit compared to the CPT’s can only be due to
the lower pumping rate of BPT systems, we can generally
state that the higher the specific on-site treatment costs (per
unit volume of water to be treated), the higher the eco-
nomic benefit for a BPT application in comparison to a
CPT application. Consequently, every parameter that af-
fects the unit treatment costs will possibly affect the rank-
ing of CPT and BPT scenarios. In addition, the magnitude
of discounting the annual cash expenditures for on-site
treatment to net present values might be crucial: the lower
the discount rate (interest rate), the higher the net present
value of the treatment costs for the entire operation time of
the remediation system. Therefore, a low discount rate and/
or a high inflation rate will favor BPT compared to CPT.
As a representative for all parameters that either affect the
costs of the on-site treatment or their discount to net pres-
ent values, we selected two parameters, Cyw, the cis-DCE
concentration in the extracted ground water, and r;, the
interest rate, to analyze their influence on total remediation
costs of CPT and BPT. Figure 6 shows the cost savings ob-
tained with BPT (TCcpr — TCgpr) in relation to the total
costs of CPT for different values of Cy as a function of r;.
Parameter TCgpy represents total costs of the economically
best of all BPT scenarios. The lower limit of the r; range is
equivalent to no discount (r; = r, = 3%). Starting with the
parameter values assumed within the example site frame-
work (relative savings ~42%), Figure 6 clarifies that even
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Figure 6. Total cost savings by barrier installation (best out of
scenarios B to E) compared to CPT for variable discount rate
and cis-DCE concentration Cyw (10 to 2500 mg/m3).

higher savings (up to >60%) are achieved if either a higher
cis-DCE concentration or a lower interest rate is applied.
The intersection of the curves with the x-axis reveals the
limit where BPT becomes unfavorable. The respective dis-
count rate constituting this limit declines with decreasing
concentration Cy. At a cis-DCE concentration Cy = 250
mg/m°, for example, CPT is preferred if r, is above 11%.
To complete the parameter sensitivity analysis, Fig-
ure 7 shows the relative savings that may be obtained with
BPT as a function of the natural Darcy flow, Qp, for
selected values of cis-DCE concentration, Cy. Two arrays
of curves for different values of aquifer thickness mieq
(15 m, as used previously, and 30 m) are shown. The
discount rate is set to the default value r; = 7%. A charac-
teristic feature of the curves of relative savings is a rather
flat shape at the lower limit of the Qp range followed by an
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Figure 7. Total cost savings by barrier installation (best out of
scenarios B to E) compared to CPT for variable Darcy flow,
Op, and aquifer depth, m (equal to installation depth). Results
are shown for cis-DCE concentrations Cyy = 100, 500, and
2500 mg/m>.

abrupt rise with a significant nonlinear hyperbolic shape,
with increasingly higher cost savings at higher Qp values.
The change from a moderate to a steep slope stems from
a change in the economically best BPT scenario (from sce-
nario D to E). The sharp increase of the relative cost sav-
ings within a narrow range of Qp values reflects a kind of
switching point where the barrier construction costs are
compensated by the lower treatment costs. The results sup-
port the general finding that higher treatment costs favor
the application of BPT no matter whether this is caused by
higher unit treatment costs or by a higher overall pumping
rate due to a higher ground water flow rate (Figure 7). In
addition, we can expect that BPT will be less attractive if
the barrier construction costs are relatively high. Since they
depend on the construction depth, the advantage of BPT
over CPT is expected to be declining with increasing aqui-
fer thickness. This is demonstrated in Figure 7 by an addi-
tional set of curves for an aquifer thickness ., = 30 m.
In comparison with the results for m., = 15 m, all curves
are shifted to the right. If we consider the aforementioned
example site (Cy = 500 mg/m’, Qp = 40.5 m’/h), the
impact of the aquifer thickness becomes evident: assuming
a constant value of Qp, the relative cost savings using the
BPT approach decrease from ~42% for m, = 15 m to
only 3% for m, = 30 m (please recall our assumption:
barrier construction depth m, = aquifer thickness m,q,;).

Comparison for Heterogeneous Aquifer Conditions

To provide a sound basis for the economic assessment
of BPT, it is advantageous to rate the “economic perfor-
mance” of BPT with regard to cost estimates under uncer-
tainty, i.e., if incomplete knowledge about aquifer
transmissivity is taken into account by using a geostatistical
description. Based on the hydraulic analysis (Bayer et al.
2004) providing Q. distributions for several ensembles of
aquifer realizations, the economic analysis yields a total
cost value, TC,, for every single realization examined. Typ-
ically, some aquifer realizations represent conditions that
are unfavorable to the performance of CPT or BPT. They
consequently yield relatively high Q.’ and thus high TC,,
whereas relatively low costs result from those where the
transmissivity distribution is beneficial to the efficacy of
CPT or BPT. The highest value, max(TC,), that is calcu-
lated for a given ensemble of 500 aquifer realizations is
associated with the highest Q.’, max(Q,’). As this maxi-
mum pumping rate guarantees complete capture for each of
the 500 realizations, max(TC,) can be expressed as the
costs that have to be paid to have a system with maximum
reliability (100%), with respect to the achievement of the
expected goal: the complete capture of the contaminated
area. In the same way, minimum costs, min(TC,), are asso-
ciated to min(Q,") and therefore to a minimum system reli-
ability (0.2% if total number of realizations = 500). By
sorting all TC, values in ascending order, a continuous
elasticity curve is obtained, which relates total remedia-
tion costs to the performance reliability of CPT or BPT
(Figure 8).

To focus on the influence of aquifer heterogeneity
rather than geometric design parameters, the specific BPT
settings B* to E* are compared with the CPT scenario A.
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Figure 8. Cost-reliability trade-off for scenario A and BPT settings B* to E* at two heterogeneity levels (0'2Y = 1.8; a: Iyyeq = 15.3
m, b: Iyea = 76.5 m) compared to the results from homogeneous aquifer (Figure 5).

Here, the barrier lengths are held constant for each setting,
which is oriented at the corresponding scenarios. Settings
B* and C* represent 100-m barriers along the complete
up- and downgradient edge of the contaminated area, re-
spectively. Setting D* is characterized by two barriers at
both up- and downgradient edges. The total barrier length
here is 200 m. For setting E*, the maximum barrier length
for scenario E is considered (300 m).

Two ensembles of 500 realizations of the spatial trans-
missivity distribution are taken into account (cf. Figure 3).
They possess the same variance (g2 = 1.8) but differ with
respect to the integral scale (/y,eq = 15.3 m for ensemble 1
and Iy, = 76.5 m for ensemble 2). All other parameters
are assumed to have the same values as described pre-
viously for the example site. As shown in Figure 8, all
curves show a typical sigmoid form that results from the
bell-shaped curves of the Q,’ distributions originating from
the Monte Carlo analysis (Bayer et al. 2004). In accordance
with the results of the hydraulic analysis showing an increas-
ing Q." range with increasing integral scale, the range of
TC, values is noticeably larger for ensemble 2 (please note
the different scales of the cost axis, Figures 8a and b).

Most significant is the sharp rise of the elasticity curves
beyond a reliability of 90%. For ensemble 2, the remedia-
tion costs for 100% reliability are approximately twice as
high as for a reliability of 90%. This is due to a small por-
tion of transmissivity realizations apparently representing
aquifer conditions that are adverse to the formation of an
appropriate capture zone. These can be attributed to high-
conductivity channels that direct the ground water flow
away from the pumping well. The larger the integral scale,
the larger the extension of these channels and consequently
their negative impact on the required pumping rate and
remediation costs.

The BPT setting E* proves to be by far the lowest cost
option for both ensembles at any degree of reliability.
Moreover, the BPT settings C* and D* yield lower costs
than the CPT scenario A. The usefulness of an upgradient
barrier (setting B*), however, appears to be particularly
dependent on the degree of heterogeneity. While it is the
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worst option for ensemble 1, it is at least equivalent to
CPT for ensemble 2. This might be an indication for a gen-
eral advantage of the application of BPT that is obtained
from blocking the aforementioned high-conductivity chan-
nels, which are particularly perceptible in highly heteroge-
neous aquifers.

Figure 8 also illustrates the inadequateness of design
studies and cost predictions conducted under the assump-
tion of homogeneous aquifer conditions (63 = 0). For all
settings considered here, the pump-and-treat systems,
which result from the analysis of homogeneous aquifer
conditions, would achieve only poor performance reli-
abilities (depending on the setting between 10% and 40%)
in heterogeneous aquifers, as represented here, by the two
ensembles of aquifer realizations.

Summary and Conclusions

The use of barriers in addition to CPT has been shown
to be a useful method to reduce the pumping rate required
to hydraulically isolate contaminated aquifer zones. In the
present study, we identified the relevant explanatory fac-
tors for a general economic comparison of CPT and BPT.
Cost functions are formulated to relate and quantify the
influence of site characteristics, technology design, and
performance as well as economic factors on the expendi-
tures for remediation system design.

The developed economic toolset has been applied to
a hypothetical case of ground water contamination, which
must be managed and controlled over the long term (30
years), by means of an appropriate pump-and-treat system
downgradient of the contamination. Focusing on contamina-
tion control rather than on the extent of mass removal, the
objective is to establish a complete capture of the plume
and to treat the extracted water in a dual-bed system via sorp-
tive removal onto activated carbon. CPT and BPT scenarios
with different configurations of the hydraulic control ele-
ments are considered to find the cost-optimal system design.

For most of the BPT systems examined and for the
greater part of the parameter spectrum analyzed, the



economic benefit that arises from the pumping rate reduc-
tion is substantially larger than the additional costs that
have to be paid for construction of the barriers. However,
the economic benefit varies significantly depending on the
location and the length of the barrier(s). High cost savings
can be achieved when the barrier surrounds the contamina-
tion along the upgradient edge and at the sides (Figure 1,
scenario E). In general, the savings increase with (1)
increasing treatment costs per unit; (2) increasing amount
of water to be treated; (3) decreasing net interest rate; and
(4) decreasing construction costs per unit barrier length.

In addition, we have also analyzed CPT and BPT for
heterogeneous aquifer conditions, assuming a random spa-
tial transmissivity distribution. The results support the find-
ings of the analysis for homogeneous aquifer conditions
with regard to the ranking of BPT and CPT. Furthermore,
elasticity curves are derived that delineate the relationship
between remediation costs and system performance reli-
ability. Since an additional physical barrier tends to reduce
not only the mean pumping rate but also the spread of the
pdf, the uncertainty about the remediation costs is reduced
in two ways. First, the impact of the pumping rate on total
remediation costs is diminished as the part of those costs
that depend on the pumping rate are decreased. Second, the
uncertainty about the remediation costs arising from the
uncertainty of the appropriate pumping rate to achieve a
complete capture of the plume is reduced.

Acknowledgments

Support for this project is provided by the German
Department of Education, Science, Research and Technol-
ogy (BMBF), Contract 02WT0019. We are grateful to
Richard E. Boice and Carl Enfield for several useful com-
ments that helped us very much to improve this paper.

Editor’s Note: The use of brand names in peer-reviewed
papers is for identification purposes only and does not con-
stitute endorsement by the authors, their employers, or the
National Ground Water Association.

References

Andersson, C., and G. Destouni. 2001. Groundwater transport
in environmental risk and cost analysis: Role of random spatial
variability and sorption kinetics. Ground Water 39, no. 1: 35-48.

Bayer P., M. Finkel, and G. Teutsch. 2004. Hydraulic performance
of a combination of pump-and-treat and physical barrier sys-
tems for contaminant plume management. Ground Water 42,
no. 6: 856-867.

Bayer P., M. Finkel, and G. Teutsch. 2003. Reliability of hydrau-
lic performance and cost-estimates of barrier-supported pump-
and-treat systems in heterogeneous aquifers. In Calibration
and Reliability in Groundwater Modelling: A Few Steps Closer
to Reality, ed. K. Kovar and Z. Hrkal, 331-338. Wallingford,
Oxfordshire, UK: International Association of Hydrological
Sciences Publication 277.

Bayer, P., M. Morio, C. Biirger, B. Seif, M. Finkel, and G. Teutsch.
2001. Funnel-and-gate vs. innovative pump-and-treat systems: A
comparative economical assessment. In Groundwater Quality:

Natural and Enhanced Restoration of Groundwater Pollu-
tion, ed. S.F. Thornton and S. Oswald, 235-244. Wallingford,
Oxfordshire, UK: International Association of Hydrological
Sciences Publication 275.

Berglund, S., and V. Cvetkovic. 1995. Pump-and-treat remedia-
tion of heterogeneous aquifers: Effects of rate-limited mass
transfer. Ground Water 33, no. 4: 675-685.

Boice, R.E. 2002. Extraction rate problems lead to increased costs
at pump-and-treat facilities: A call to improve reporting of
rates. Ground Water Monitoring and Remediation Spring
2002, no. 2: 76-81.

Deutsch, C.V., and A.G. Journel. 1992. GSLIB: Geostatistical
Software Library and User’s Guide. New York: Oxford
University Press.

Enfield, C. 2004. Written personal communication, February
2004.

Grathwohl, P. 2000. Time scales of remediation of complex source
zones. In Contaminated Site Remediation: From Source Zones
to Ecosystems, ed. C.D. Johnston, 231-238, 635-650. Proc.
2000, CSRC, 4-8 December, Melbourne, Victoria, Australia.

Haley, J.L., B. Hanson, C. Enfield, and J. Glass. 1991. Evaluating
the effectiveness of groundwater extraction systems. Ground
Water Monitoring and Remediation 11, no. 1: 119-124.

Hoffman, F. 1993. Ground-water remediation using ‘Smart Pump
and Treat’. Ground Water 31, no. 6: 98-105.

Mackay, D., and J.A. Cherry. 1989. Groundwater contamination:
Pump-and-treat remediation. Environmental Science and Tech-
nology 23, no. 2: 630-636.

Massmann, J., and R.A. Freeze. 1987. Ground water contamina-
tion from waste management sites: The interaction between
risk-based engineering design and regulatory policy. 1.
Methodology. Water Resources Research 23, 351-367.

McDonald, M.G., and A.W. Harbaugh. 1988. A modular three-
dimensional, finite difference ground-water flow model. In
U.S. Geological Survey Techniques of Water Resources Inves-
tigations, Book 6, Chapter Al. U.S. Geological Survey:
Denver, Colorado.

[NFESC] Naval Facilities Engineering Service Center. 2004.
Available from http://enviro.nfesc.navy.mil/erb/restoration/
technologies/remed/contain_remove/cr-08.asp.

Pollock, D.W. 1994. User’s guide for MODPATH/MODPATH-
PLOT, version 3: A particle tracking post-processing package
for MODFLOW, the U.S. Geological Survey finite-difference
ground-water flow model. U.S. Geological Survey Open-File
Report 94-464.

Sontheimer, H. B., R. Frick, J. Fettig, G. Horner, C. Hubele, and
G. Zimmer 1985. Adsorptionsverfahren zur Wasserreinigung
(Sorption technologies for water treatment). Engler-Bunte-
Institut der Universitit Karlsruhe.

Teutsch, G., H. Riigner, D. Zamfirescu, M. Finkel, and M. Bittens.
2001. Source remediation vs. plume management: Critical
factors affecting cost-efficiency. Land Contamination and Rec-
lamation 9, no. 1: 128-139.

[U.S. NRC] U.S. National Research Council. 1997. Innovations in
Ground Water and Soil Cleanup: From Concept to Commer-
cialization. Washington, DC: National Academic Press.

Voudrias, E.A. 2001. Pump-and-treat remediation of groundwater
contaminated by hazardous waste: Can it really be achieved?
Global Network for Environmental Science and Technology:
the International Journal 3, no. 1: 1-10.

Biographical Sketches

Peter Bayer is a researcher in groundwater management of
the D-SITE working group at the Center for Applied Geoscience

P. Bayer et al.] Ground Water Monitoring & Remediation 25, no. 2: 96-106 105



of the University of Tuebingen, Germany. He holds a Ph.D. in
Hydrogeology, focusing on contaminant ground water modeling,
system optimization, and environmental economics. He may be
reached at the University of Tuebingen, Sigwartstr. 10, D-72076
Tuebingen; peter.bayer@uni-tuebingen.de.

Michael Finkel completed his study in civil engineering at the
University of Stuttgart, Germany, in 1990. Following the comple-
tion of his study he worked for several years as a consultant deal-
ing with problems of ground water management and protection in
the context of the planning of new high-speed railway lines in
Germany. Since 1994 he has been employed at the Center for
Applied Geology of the University of Tuebingen. In 1998 he gained
his Ph.D. in the field of ground water flow and transport modeling.
Since then he has been in charge of the D-SITE working group. He
may be reached at the University of Tuebingen, Sigwartstr. 10,
D-72076 Tuebingen; michael. finkel@uni-tuebingen.de.

106 P. Bayer et al.] Ground Water Monitoring & Remediation 25, no. 2: 96-106

Georg Teutsch completed his study in geology and hydro-
geology at the Universities of Tuebingen and Birmingham in
1980 with an M.Sc. in Hydrogeology. Following the completion
of his studies, he worked for several years nationally and inter-
nationally as a hydrogeologist, concentrating on problems of
water resources and water palnning. In 1988 he gained his Ph.D.
in the field of ground water modeling in karst aquifers. Between
1986 and 1991 he led the ground water research group at the
University of Stuttgart. In 1991 he gained his postdoctorate,
thereafter becoming professor for Geohydrology at the Univer-
sity of Stuttgart. In 1993 he was appointed to the Chair of
Applied Geology at the Geological Institute at the University
of Tuebingen. Since 2004 he has been scientific director of
the Umweltforschungszentrum (UFZ) in Leipzing, Germany. He
may be reached at UFZ, Permoserstrafie 15, D-04318 Leipzig,
Germany, gf@ufz.de.



